Thank you for submitting your manuscript for consideration by The EMBO Journal. It has now been seen by three expert reviewers, whose comments are copied below. As you will see, they all consider your first determination of a detailed structure for the AAA+ protease Lon in its hexametric form important and therefore in principle suited for publication in The EMBO Journal, pending adequate revision of a number of specific points. Among these points, there is however also one crucial issue regarding the structural determination, which appears currently to be inadequately described, making judging the validity of the derived model difficult. These concerns are clearly laid out in the reports of referees 1 and 2, and I will therefore not repeat them in detail here. Should you be able to satisfactorily address them, we should be happy to consider the study further for publication. I would therefore like to invite you to prepare such a revised version, in which you should also pay close attention to editorial issues, such as carefully revising the bibliography formatting and in-text citation style (e.g. referees indicated some numbered reference formatting in the text), and to expand the currently rather minimal 'Materials & Methods' section to provide a greater amount of useful detail.
Please let me add that it is EMBO Journal policy to allow a single round of major revision only, and that it will thus be important to diligently and thoroughly answer to the various comments at this stage of the process. When preparing your letter of response, please also bear in mind that this will form part of the Peer Review Process File, and will therefore be available online to the community in the case of publication (for more details on our Transparent Editorial Process initiative, please visit our website: http://www.nature.com/emboj/about/process.html). In any case, please do not hesitate to get back to us should you need feedback on any issue regarding your revision.
Thank you for the opportunity to consider your work for publication. I look forward to your revision.
Yours sincerely, Editor
The EMBO Journal REFEREE REVIEWS Referee #1 (Remarks to the Author):
Three-dimensional structures of ATP-dependent proteases are sparse and this has hampered an indepth understanding for a long time. Especially Lon has been refractory to crystallization and only structures of isolated fragments have been available, not offering too much insight. In this manuscript, a major breakthrough has been made by the authors. The work appears sound, the crystallographic resolution of the structure is very good, quite unusual for AAA+ proteins -I am quite surprised by this. Maybe the authors could comment in more detail how this has been achieved.
Model building and refinement has not been described at all, also not in the accompanying crystallization paper (Acta Cryst). Generally, the description of the experimental procedures is appallingly poor.
Otherwise, the manuscript is well written and deserves publication in EMBO J in my opinion. Some points should be addressed by the authors before final acceptance.
Major:
(1) The construct used is a deletion mutant which apparently still possesses activity towards casein. Have known folded Lon substrates, e.g. RcsA been tested as well?
(2) P. 6 "The crystals were ... in which a molecular six-fold axis coincided with the crystallographic six-fold axis..". Spacegroup P6(3) does not possess a sixfold axis, but rather a sixfold screw axis. On the contrary, the hexameric particle is obviously sitting on a crystallographic threefold axis and this crystallographic symmetry is reflected in the alternating arrangement of T and L subunits -there is no molecular sixfold axis either! What kind of evidence do the authors have that the observed arrangement is not an artifact due to crystal packing? This is important because the observed arrangement has implications for the ATP hydrolysis mode as discussed on page 20. Here it is unclear what is the sequence of events in the model proposed by the authors and whether it is a probabilistic or sequential mode of hydrolysis. Please expand on this! The description of the experimental methods is insufficient (vide supra).
Minor points: p. 3, "with the active sites inside and inaccessible..." The key reference to self-compartmentalizing proteases is Baumeister et a., Cell 1998, and should be included. p. 5: Abbreviations as "Ins1" should be explained and highlighted in the corresponding figures, e.g. Fig. S1 , but certainly also in the main text (Fig. 4) -otherwise the readers have to struggle understand. Where would the eliminated transmembrane part be located? Is the sequence numbering continuous or has the deletion been taken into account (should be). p. 5, Results section: The construct used is a deletion mutant where the transmembrane region has been eliminated. This construct appears to be active but that should be mentioned explicitly in the beginning. P.7. "..Ins2 corresponds _to_ the aromatic..." p 10, Fig S3: What is the contour level of the electron density? P. 19: "The limited differences...but is in line with motions proposed in HslU and FtsH ...". FtsH shows very large nucleotide-dependent rearrangements (Bieniossek et al., PNAS 2009, this reference has not been included). Smaller changes, on the contrary, can exert a stronger force at a given energy release by ATP hydrolysis. Please rewrite! P. 20: What exactly powers the T->L transition? Table 2 : Include the number of reflections used in refinement and Ramachandran statistics. If there were 100,000 unique reflections used then the test set would contain 5,000 -that is a lot. What is F(P)? F(o) should be the observed reflection amplitude.
Referee #2 (Remarks to the Author):
This paper presents the first high-resolution crystal structure of a hexameric form of the AAA+ Lon protease. The most important result is that the AAA+ and protease domains of TonLon interact in a way that creates a closed degradation chamber. Because Lon appears to be active as a hexamer and is present in all kingdoms of life, this work makes a significant contribution to our understanding of an important proteolytic machine.
Several issues need to be addressed before publication.
1. On page 6, the authors state "The crystals were of a hexagonal space group in which a molecular six-fold axis coincided with the crystallographic six-fold axis..." This statement is misleading as the crystallographic axis is a screw axis and not an axis of 6-fold rotational symmetry, which would require each subunit to be conformational identical. Indeed, the authors note that the hexamer has two types of subunits. Is the hexamer 3-fold symmetric? If so, this would be a far more accurate description. The term "six-fold axis" is used incorrectly many times throughout the manuscript.
2. Based on their structure, the authors refer to the two types of subunits as binding ADP in a "tight" or "loose" fashion. However, there is no biochemical evidence for two classes of binding sites in TonLon. Direct binding experiments should be performed to verify the existence of high and low affinity sites for ADP or the "tight/loose" nomenclature should be changed.
3. At several points in the manuscript, the authors suggest that folded proteins can enter the Lon chamber and be degraded. No evidence in the papers cited supports this claim.
4. The authors liken Phe216 to the aromatic residue in the GYVG motif of other AAA+ unfoldases and suggest that it plays an important role in mediating protein unfolding/translocation. However, the F216A mutation decreases proteolytic activity only two-fold, whereas comparable mutations of the aromatic residue in the GYVG motif eliminate degradation. The authors need to note this apparent discrepancy. The authors should also state that homology between EcLon and TonLon is poor in this region, and thus Phe216 may not correspond to Tyr399 in EcLon.
5. The authors suggest that the sequence region near Met275 restricts entry of folded substrates into the chamber, but the M275A mutation had no effect on degradation of casein, a poorly folded substrate. The authors should provide experimental support for their "restriction" model or remove this claim.
6. The author's extensive discussion of "single" gating could be eliminated. Because the AAA+ and protease domains of Lon are fused, there is obviously no need for dual gating.
7. The authors state "When the α-subdomain of EcLon is superimposed onto that of TonLon, the gap between the end of the terminal helix and the glycine in the hook (~ 40 Å) can be fit with an extended 13-residue coil." I assume that this statement means that the authors built a homology model of the appropriate domains of E. coli Lon with good stereochemistry and no steric clashes. This point should be clarified.
8. On page 19, the authors state that HslU is a weak protein unfoldase. However, recent work from the Matouschek lab shows that HslU can be a very power unfoldase.
9. Fig. S3 should also show ADP electron density from the 2Fo-Fc map following refinement.
Referee #3 (Remarks to the Author):
The submitted manuscript by Cha et al. entitled, "Crystal structure of Lon protease: Molecular architecture of gated entry to a sequestered degradation chamber", provides the first atomic analysis of the Lon holoenzyme. Although Lon was one of the first ATP-dependent proteases to be identified and characterized, its X-ray structure remains the last to be solved. In this study, the crystal structure of a soluble variant of Thermococcus onnurineus NA1 Lon (TonLon) is reported at 2.0Å resolution. Unlike eubacterial and eukaryotic Lon proteases, which are soluble enzymes, the archaeal family member TonLon is membrane-anchored.
This study reveals that the TonLon protease complex has a six-fold axis composed of three Lon "hetero"-dimers, each dimer consists of one Lon monomer that is tightly bound to ADP (Tmonomer) and another monomer that is loosely bound to ADP (L-monomer). The work confirms that the proteolytic active sites of TonLon are sequestered within a gated chamber that is accessible to folded proteins, which traverse restrictive axial channels using an energy-dependent mechanism. The chaperone chamber is contiguous with the bowl-shaped proteolytic chamber. Once protein substrate has been internalized, no further gating restrictions are imposed. The authors propose that the structure of TonLon functions is a model for all Lon proteases.
The technical quality of the data presented is high and the general interest of the topic is significant as the field of ATP-dependent proteases has lacked the crystal structure of Lon, its founding member.
When reading the paper, one would like to know more about the ADP/ATP induced changes in conformation of the T-and L-monomers. Do the authors have any data regarding the TonLon structure for the ATP (i.e. AMP-PNP) bound enzyme complex? A comparison of the ADP versus AMP-PNP structures would strengthen the impact of the study. It would also be illuminating to know the stoichiometry of ATP:ADP bound sites and their relative positions within the holoenzyme.
The authors state that, "Three T-L heterodimers combine to form the hexamer". Do the authors speculate that the assembly process of TonLon proceeds by the initial formation of ADP bound dimers followed by the formation of hexamers? If so, some comment on this process in the discussion would be expand upon the implications of these findings. Is there any biological or biochemical data to suggest that the assembly of TonLon is regulated by nucleotide binding/hydrolysis?
Minor points
Results, first paragraph, line 3. The abbreviation "Ins1" appears without explanation, and Ins1, Ins2 and Ins3 are discussed later in the Results and Discussion. The reader would be helped by a brief explanation of the various insertion regions, and reference could be made to Supplementary Figure  1 , which specifies these regions.
Discussion, page 19, line 10. Reference is provided as "(32)" rather than name and year. We apologize for omitting important details concerning the experimental procedures and structure refinement used in this study. We have now described in full the method of refinement and in doing so include the statistics on the crystal structure of the TonLon AAA+ domain which was first solved and used as a model for molecular replacement (Suppl. Table II) . We had thought that the data on the AAA+ domain would be part of a separate publication but realize that they are needed here. We also added details for the biochemical assays in the "Materials and Methods" section. We have assayed the ability of TonLon to degrade several folded substrates used for E. coli LonUmuD, Arc-SulA (which has a portion of SulA fused to the C-terminus of Arc), and N-GFP (which has the lambda N protein fused to GFP). UmuD and Arc are folded in these constructs and are both degraded. We do not know if the N fusion protein is folded but it too is degraded, although the GFP portion is not degraded and is recovered in two truncated forms. These data are now included in the supplementary material as part of Fig. S2 . In Suppl. Table I we provide basic enzymatic characterization using ATPase and protease assays to compare TonLon with mutants altered in conserved functional residues.
(2) P. The referee is correct regarding the screw axis and the trimer of dimers and we have reworded the description of the molecule and the symmetry axis in the text on p. 6. We now state in the text on p. 10 that the structure of the AAA+ domain in the T-subunits is virtually identical to that observed in the crystal of the isolated AAA+ domain with ADP bound. As the crystal packing was different in the two crystals, the conformation is not likely to be an artifact. The referee raises a more difficult question with respect to whether lattice contacts influence the distribution of the conformations-I believe the referee is referring to the "three up, three down" arrangement we observe. The position of the α/β subdomain in the L-subunits could be influenced by lattice contacts. In ongoing studies, we have found that in crystals of TonLon without any nucleotide, the α/β subdomains around the ring can adopt slightly different positions, which we interpret as indicating that the L-subunit conformation is less constrained. Because two ADP subunits would clash if placed adjacent to each other (Suppl. Fig. 8 ), we do propose that adjacent subunits are not likely to be in the same nucleotide state simultaneously, which would also be consistent with the behavior of other similar ATPases. We can conclude that the conformational changes do not occur in all six subunits at once, but we cannot conclude whether the sequence is ordered or probabilistic based on our structure. We do not intend to imply that the arrangement represents evidence of a "two state only" model but to propose only that the "up" state appears to have the ADP bound less tightly and thus should represent the state from which ADP is released, and the "down" state has the ADP quite tightly bound and might represent the state immediately following ATP hydrolysis. We have added data (Suppl. Fig. 2) showing that both ADP and ATP S bind tightly to TonLon with a stoichiometry of ~3 per hexamer and data showing that activation of TonLon is cooperative with respect to ATP with a Hill coefficient of ~3 (Suppl. Fig. 2 ), both indicative of differential nucleotide binding.
The description of the experimental methods is insufficient (vide supra).
We have now included detailed descriptions of the biochemical assays in the Materials and Methods and to the Figure and Fig. S1 , but certainly also in the main text (Fig. 4) 
-otherwise the readers have to struggle understand. Where would the eliminated transmembrane part be located? Is the sequence numbering continuous or has the deletion been taken into account (should be).
We now define Ins1 at the first mention in the text. The legend to Fig. 2 now states that the residues are numbered to correspond to their sequence positions in the full length protein.
p. 5, Results section: The construct used is a deletion mutant where the transmembrane region has been eliminated. This construct appears to be active but that should be mentioned explicitly in the beginning.
The activity of the delta-TM protein is mentioned at the beginning of the results section and new data have been added to the Supplementary Material to document those activities.
P.7. "..Ins2 corresponds _to_ the aromatic..."
We have made the correction.
p 10, Fig S3: What is the contour level of the electron density?
The contour levels are now included in the figure legends.
P. 19: "The limited differences...but is in line with motions proposed in HslU and FtsH ...". FtsH shows very large nucleotide-dependent rearrangements (Bieniossek et al., PNAS 2009, this reference has not been included).
We have included here a reference to Bieniossek et al. which was mentioned in a different context elsewhere in the text.
Smaller changes, on the contrary, can exert a stronger force at a given energy release by ATP hydrolysis. Please rewrite!
The referee correctly points out that a smaller displacement could result in a greater force being exerted on the substrate. We did not intend to suggest that small or large displacements of the alphasubdomains act more or less effectively in unfolding or translocating proteins. We have reworded the text to avoid any specific implication and now point out that it is possible that Lon undergoes a smaller range of motion while carrying out activities similar to those performed by ClpXP or FtsH.
P. 20: What exactly powers the T->L transition?
An exact answer to this question cannot be obtained from our data. We are proposing that, as suggested for other AAA+ proteins, the mechanism is allosteric and requires interaction between adjacent subunits. One model is that upon ATP binding to the L-subunit, a transition to the T-state is induced, which causes it to clash with the adjacent T-monomer and propel it into an L-state from which ADP will be released. As EcLon has been shown to have tightly bound ADP, which is released upon protein substrate binding, we imagine that protein substrate binding also can contribute to powering the shift from the T to the L state, opening the site for another round of ATP binding and hydrolysis. We have included a reference to very detailed kinetic studies from the Lee lab (2006 Biochemistry 45:11432) showing that with EcLon ATP hydrolysis follows two kinetic pathways as does ADP release, implying that the nucleotide sites on the different subunits within a given hexamer are conformationally different. The referee is correct and we have corrected the description of the molecule in the text. "The crystallographic six-fold axis" was changed to "the crystallographic six fold screw axis" (p.6). In addition, "six-fold axis" was changed to "molecular symmetry axis" throughout the manuscript. The tight and loose terms refer to what we observe for the contacts and stability of the ADP in the crystal and we have now added biochemical data suggesting that at least two classes of binding sites are present in the hexamer. As the subunits are identical in the ring, it is important to emphasize that our proposal is that any given site can exist in the T or L state depending on the state of the nucleotide hydrolysis cycle and allosteric effects of adjacent subunits. We have added ITC data to the Supplementary Material showing that only 3 molecules of ADP or ATP S per hexamer bind with high affinity. We also show that the plot of activity versus ATP is sigmoidal with a Hill coefficient of 3, suggesting that subunits within the ring do not simultaneously bind ATP with the same affinity. Data originally published by Menon and Goldberg (1987 J Biol Chem 262: 2696) and more detailed analysis from the Lee lab show conclusively that ATP and ADP binding sites vary within the ring of EcLon as well. We think our interpretation of the differences in ADP binding is reasonable and is consistent with similar findings for other AAA+ components such as ClpX, HslU, and ClpB.
Based on their structure, the authors refer to the two types of subunits as binding ADP in a "

At several points in the manuscript, the authors suggest that folded proteins can enter the Lon chamber and be degraded. No evidence in the papers cited supports this claim.
We apologize for the rather awkward wording in portions of the text that has led to some ambiguity regarding degradation of "folded" proteins or domains. In most cases we meant that folded proteins in solution can be targeted for degradation. We have reworded the text on pages 2, 7, 8, 14, 15, 17,and 19 to make the meaning clearer and to qualify the statements where necessary. Because there is one report that suggests that some proteins might be degraded without unfolding (Ondrovicova G J (2005) Biol. Chem. 280:25103), we wanted to at least point out that the size of the chamber would allow small native domains to fit inside. We did not intend to suggest that the TonLon structure explains how a native domain can enter the degradation chamber, and in fact it is unclear to us how such domains could pass through the axial channel in a native state. However, we certainly cannot rule out the possibility that the channel can expand under some conditions and cannot address the issue further with our current data. The recent crystal structure of ClpX shows significantly larger domain movements affecting the size and shape of the "pores," and the authors point out the possibility that expansion of the channel might allow larger domains to be translocated. We have tried to amend the text in the spirit of what the referee suggests. We now refer to a single gate only once, on p. 21, where we suggest that Lon might be designed to degrade proteins that have less stable native structures and suggest that one consequence of a single gate is that release of proteins without degradation is very unlikely.
The authors liken
We do believe that the presence of a single gate in Lon was not a foregone conclusion, given that the disposition of the different axial loops or the position of the linker between the AAA+ and protease domains was not known. In addition, we were contrasting the structure of TonLon with a model proposed previously proposed for EcLon in which the proteolytic active sites were facing away from the ATPase chamber and a second constriction or gate would then have been present. The current structure of TonLon disproves that model. We have not built a homology model of a peptide connecting the AAA+ and protease domains. However, a secondary structure prediction based on >500 LonA sequences predicts this region to be a coil and there is nothing in the structure to block a coil from connecting the domains. Given the evolutionary conservation among Lons we felt it is unlikely that a property as fundamental as the relative orientations of the AAA+ and protease domains would be different and wanted only to point out that there was no distance constraint that obviously contradicted our proposal that EcLon would be similar to TonLon in this regard. The recent structure of B. subtilis Lon, which should have a coil of the same length as that of EcLon, is consistent with our conclusion that LonAs and LonBs have the domains oriented in the same way. We have eliminated this erroneous statement from the text.. Fig. S3 should also show ADP electron density from the 2Fo-Fc map following refinement.
9.
We have added 2Fo-Fc maps to Figure S4 as suggested.
Referee #3 (Remarks to the Author):
The Figure 1 , which specifies these regions.
We have defined Ins1 at first mention and referred to Supplementary Figure S1 as suggested.
Discussion, page 19, line 10. Reference is provided as "(32)" rather than name and year.
We have corrected the reference. Thank you again for submitting your revised manuscript, including the extra clarification for the referee, for our consideration. Referee 1 has now re-assessed the study, and I am happy to inform you that there are no further objections against publication in The EMBO Journal.
Before we proceed with formal acceptance and production of the paper, I would just like to ask you to kindly provide us with alternative Figure source files. I have just looked through them, and while the supplementary figures are probably ok now, I feel that the main Figures are not of sufficient quality for print publication -it is e.g. easy to notice visible lines running through the images, and pixelation appearing when blowing up the images on the screen. Maybe it would be better to supply these figure source files as larger/less compressed PDFs (I notice that they are relatively small as is), or even better in a different format such as TIF or high quality JPEGs? You could simply email these back to us (if necessary in multiple messages), and we would replace those we currently have in the tracking system. After that, we should then be able to swiftly proceed with the publication process for your study.
With best regards,
